Abstract: Employing user pairing schemes in uplink virtual multiple-input multiple-output (V-MIMO) systems can significantly improve system capacity owing to multi-user diversity. Most of the existing user pairing algorithms were developed under the assumption that a scheduler always possesses the perfect channel state information (CSI). In this paper, taking into account the effects of channel estimation error (CEE), the authors propose a robust user pairing algorithm based on a closedform average sum rate under CEE. In addition, the authors further propose an adaptive user selection scheme as an effort to maximise the sum rates owing to the rate constraint under CEE. The gain of the proposed method is shown in simulation results.
Introduction
Multiple-input multiple-output (MIMO) technology has attracted a great attention recently owing to its high spectral efficiency. However, the application of uplink MIMO is limited by numerous practical implementation issues of multiple power amplifiers at users, especially in small handsets. To overcome this problem, virtual MIMO (V-MIMO) transmission was proposed for the uplink applications [1] , which allows several users, each with one transmission antenna, to transmit independently on the same resource blocks. By employing the best user pairing with scheduling, multi-user diversity can be achieved in conjunction with V-MIMO. Considerable research effort has been made so far to study the performance of V-MIMO systems, mostly considering user pairing problems under the assumption of perfect channel state information (CSI) available at the scheduler. For example, different user pairing and scheduling algorithms are proposed in [1 -3] . In addition, the ergodic capacities for different multi-user pairing-up algorithms are evaluated in [4] . However, it is not realistic to assume user pairing always with the perfect CSI in a V-MIMO cellular system. This article will study the user pairing algorithm under channel estimation error (CEE) for uplink V-MIMO systems. Recently, there have been some studies on multi-user MIMO (MU-MIMO) with limited feedback, which mainly focused on downlink transmissions [5 -7] . For MU-MIMO downlink transmission, CEE will make the system throughput limited at high signal-to-noise ratio (SNR) owing to the residual inter-user interference, which conducts the precoding design in the transmitter. Our work is different in that we focus on the effect of CEE on the uplink V-MIMO systems.
Assume that a zero-forcing (ZF) receiver is employed at the eNodeB, although our analysis carried out in this article can also be extended to the use of other type of receivers. A MIMO scheduler pairs users up based on the total maximal capacity criterion [2] . By modelling CEE as an independent complex Gaussian random variable [8] , we can derive the expected rate for the user pairing process under CEE, given the availability of an estimated channel. Based on that, we can investigate the modified user pairing algorithm, which is a function of CEE and the SNR. Moreover, since the sum rate is bounded by high SNR owing to multi-user interference under CEE, it may be favourable that each user operates on single-input multiple-output mode. Therefore we further propose an adaptive user selection scheme to maximise the sum rate, which together with the modified user pairing algorithm offers the robustness against CEE. Simulation results show that the proposed adaptive user pairing algorithms are fairly robust against CEE.
The rest of the article can be outlined as follows. The system model is described in Section 2. The user pairing sum rate for a ZF receiver in the presence of CEE is analysed in Section 3. Then, the robust user pairing algorithm is proposed in Section 4. Simulation results are provided in Section 5, followed by the conclusions drawn in Section 6.
System model
Let us consider an uplink V-MIMO system with U mobile users communicating with the eNodeB within a cell. Each user has only one transmission antenna, that is, N t ¼ 1, whereas the eNodeB is equipped with N r receive antennas. The scheduler in the eNodeB chooses N u users to share the same time -frequency resource blocks, where N u ≤ N r . Also, it is assumed that the channel experiences quasi-static Rayleigh flat-fading. If the eNodeB randomly selects N u users among a total of U users to construct a V-MIMO, at the receiver the received signal vector y (whose dimension is N r × 1) can be expressed as
where s is an N u × 1 vector representing the transmitted signals from N u different users and E(ss H ) = E s I N u . Note that the notations ( . )
H and E( . ) represent the complex conjugate transpose and the expectation operation, respectively. I N u is the identity matrix of size N u × N u and H is an N r × N u matrix with zero-mean independently identically distributed (i.i.d.) complex Gaussian entries. The vector n is modelled as zero-mean additive white Gaussian noise with its variance being E(nn H ) = s 2 I N r . To define the notion of a good V-MIMO channel constructed by the selected user pair, the maximal channel capacity is used as the metric. The instantaneous capacity of a MIMO channel can be written as
where g i is the post-processing SNR for the ith user. If a ZF detection method [6] is used, the received SNR for the ith user under the perfect channel estimation is given by
where
denotes the pseudo-inverse operation and [A]
ii denotes the ith diagonal element of the matrix A.
However, in practice, the complex channel gain matrix H should be estimated at the eNodeB for scheduling users. The channel can be represented as [8, 9] 
whereĤ is the estimated channel at the base station, and eV is the estimation error that is uncorrelated withĤ, and the entries of V are i.i.d. zero-mean complex Gaussian variables with unit variance. e is the measure of how accurate the channel estimation is.
User pairing sum-rate analysis with CEE
In the presence of CEE, the scheduler selects users with its channel estimates beingĤ, and for ZF equalisation the equalised vector W can be denoted as
Then, after the ZF detection, the received signal of the ith user can be expressed as
where W i denotes the ith row of W. Hence, the postprocessing SINR of the ith user can be denoted as
Substituting (4) into (7), the SINR can be further expressed as
where the cross term in the numerator can be neglected since e is usually small enough. Based on the previous analysis, the throughput of the ith user can be written as
2 distributed random variable with its expected value |W i | 2 , and g ¼ (E s /s 2 ). To find the expected value of the throughput defined above, we need to use the following lemma.
Lemma: Let x be an independent standard x 2 2U -distributed random variable, that is, x x 2 2U , and p be arbitrary. The expectation of log(1 + px) can be expressed by
Proof: See the Appendix for detail proof. A Based on the above lemma, the expected rate of C 1i can be derived as
The expected rate of C 2i has the similar expression as
Therefore the expected rate of C i can be expressed as
Then, the sum rate is the summation over all the expected C i , given by
It is noted that the average throughput shown in (14) can be evaluated for a given set of equalisation vectors, which is a closed-form approximation and can be used to select the users based on the channel estimations. Clearly, if the CEEs decrease, that is, e 2 0, E(C i ) can be used as the pairing criterion with the perfect channel estimation, that is,
). However, when e 2 1, the sum rate approaches to zero. In this case, the real capacity decreases as the CEEs increase. This can be intuitively explained by noting that the interferences among the users become more severe. Hence, to derive a robust user selection scheme, we have to consider the single user transmission mode first.
We should select the first user based on the maximal ratio combining (MRC) rule at the receiver with its rate as
Then, the expected rate for the single-user transmission can be denoted as
We can show that as e 2 0, we will have
and thus the second term in (16) is a decreasing function which approaches to zero. As a result, we obtain
However, when e 2 1, we have
Based on the above discussion, we can conclude that the single-user transmission would be preferable when CEE is relatively large. It should be noted that based on the above analysis, the average sum rate as given in (14) and (16) can be evaluated as the estimated weighted vectors for multi-user pairing and single-user transmission, respectively, which can be used in user selection as explained in the section followed.
Proposed user pairing algorithms
In this section, we should explain how to implement the proposed user selection algorithms. Before the whole algorithm starts to work, we need to trigger an initialisation of the system through letting S sel ¼ ∅ and S cand ¼ {1, . . . , U}, where S sel and S cand represent a selected user set and a candidate user set, respectively, U is the number of the users. After the initialisation procedure, the proposed user pairing algorithm proceeds as follows:
Step 1: Prioritise the users according to the capacity maximisation criterion to select the first user u 1 , such that
where E(C ′ i ) is expressed in (16). Then we have S sel ¼ {u 1 } and S cand ¼ S cand \u 1 .
Step 2: Select the pairing user of the candidate set in order to maximise the overall throughput of the user pair, expressed by
where R i denotes the expected rate given to a set of selected users, which can be obtained from (14) . If the sum rate of user pair R u 2 exceed
and then go to Step 3. Otherwise, stop and perform the single-user transmission with S sel .
Step 3: For i from 3 to Nr, perform the selection of the next pairing user as follows
If R u i . R u i−1 , let S sel ¼ S sel < {u i }, and return to Step 3 to continue the selection of new user. Otherwise, exit the algorithm with selected user set S sel .
Simulation results
In this section, Monte Carlo simulations are used to illustrate the proposed user paring algorithm under CEE in uplink V-MIMO systems. For simplicity, we assume a single cell scenario, in which each user is assigned with all resource blocks in each pairing process. The detailed simulation parameters are listed in Table 1 . At the receiver side, a ZF receiver structure is adopted, where a perfect synchronisation is assumed. We should compare the performances of three systems with different user transmission strategies: that is, the traditional user pairing method with perfect CSI (denoted as 'MU-T'), the singleuser transmission scheme that transmits only to the best user based on the capacity maximal criterion using MRC at the receiver (denoted as 'SU-T'), and the proposed adaptive user pairing algorithm as discussed in Section 4 (denoted as 'P-R-T'). In Fig. 1 , the throughput performance comparison is made for e 2 ¼ 0.2. As seen in the figure, in a low SNR region, the single-user transmission scheme provides a lower throughput than the other two, showing the rate gain to perform multi-user transmission in this region. In a high SNR region, there is a rate ceiling for the traditional multiuser pairing scheme owing to CEEs. However, the singleuser transmission throughput increases linearly with SNR, illustrating the fact that there is no need to perform multiuser transmission in this region. The proposed adaptive user pairing scheme can perform the traditional multi-user pairing at a low SNR region to yield a higher data rate and it should switch to single-user transmission mode in a high SNR region. Moreover, the adaptive user pairing scheme outperforms the traditional multi-user pairing scheme, when taking into account the effect of CEEs. In Fig. 2 , the similar simulations are performed for e 2 ¼ 0.4. We can observe that the proposed scheme should switch to the single-user transmission mode a bit earlier than the previous case. We plot the SNR crossover point in Fig. 3 , which shows that increasing CEE lowers the crossover point. When e 2 approaches to one, which means that the estimated channel has no correlation with the real channel, we can simply choose the single-user transmission mode. Furthermore, for extending our analysis to other type of receivers, such as minimum mean square error (MMSE) receiver, we only need to revise the equalised vector W in (5) for MMSE equalised vector, and the following derivation is similar as ZF receiver. However, the expression of expected rates is slightly more complicated for MMSE receiver as the interference terms cannot be fully eliminated. Of course, the user pairing method is the same as that of ZF receiver.
Conclusion
In this article, through the derivation of a closed-form average sum rate under CEE for a ZF receiver, we proposed a robust user pairing algorithm for its application in uplink V-MIMO systems. In addition, the performance of the proposed adaptive user selection scheme was investigated as an effort to maximise the sum rates of the MIMO system. Simulation results showed that the proposed adaptive user pairing algorithms are fairly robust against CEE. For future work, since there is a rate ceiling for the traditional multi-user pairing scheme owing to CEEs, we can analyse the rate limit, which is a function of SNR, CEE and the number of users, thus exploiting the reduced complexity algorithm for the robust user pairing. In addition, our proposed algorithms can be considered to further optimise in large scale wireless networks [11] .
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